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ABSTRACT

The complex mechanisms of electron transport and their implications in providing chemical
energy for the cell have been the objects of investigation in several laboratories. It is generally
agreed that, in aerobic cells of animals and plants,
a subcellular structure, the mitochondrion, serves
as the principal generator of utilizable chemical
bond energy. Present knowledge indicates that
this structure is capable of a variety of reactions
and, with the possible exception of microsomes,
few other cytoplasmic entities offer such an extensive potentiality in the correlation of structure
and function. Such well-known respiratory phenomena as electron transport, citric cycle oxida-

mediates.
MATERIALS AND METHODS

Mass culture of B. stearothermophilus. Cultivaof the bacterium was accomplished in large
tion
1 A major portion of this study was presented at
or a small fermentor (90-liter water
carboys
the 61st annual meeting of the American Society
bath). The fermentor afforded accurate temperafor Microbiology, Chicago, Ill., 24 April 1961.
2Present address: Human Nutrition Research ture control, vigorous aeration, and easy access
Division, Agricultural Research Service, U. S. De- for sterilization and the addition of fresh medium.
The fermentor was equipped with four stainless
partment of Agriculture, Beltsville, Md.
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DOWNEY, RONALD J. (University of Nebraska,
Lincoln), CARL E. GEORGI, AND WALTER E.
MILITZER. Electron transport particles from
Bacillus stearothermophilus. J. Bacteriol. 83:11401146. 1962-Electron-transport particles (ETP)
have been isolated from Bacillus stearothermophilus. They are capable of oxidizing such substrates
as succinate, malate, diphosphopyridine nucleotide, p-phenylenediamine, and hydroquinone.
Difference spectra indicated bands of cytochromes a3, b, and c. A chromatographic
procedure for purification of cytochrome c has
been described.
The role of quinonelike intermediates in the
ETP was implied by the restorative effect of
coenzyme Q and vitamin K, on material treated
with lipid solvent. Isolation and identification of
coenzyme Q from the thermophile indicated it
was similar to coenzyme Qlo of mammalian
sources.

tion, and oxidative phosphorylation invariably
depend upon enzymes bound in an organized
complex as well as in soluble components. A
study of the reactions of component parts may
offer a better understanding of the natural relationships among "particulates" and the organization they represent.
It was earlier reported (Georgi et al., 1951,
1955) that a "red fraction" obtained from
Bacillus stearothermophilus consisted of discrete protoplasmic particles encased in a lipid
membrane. Dissolution of the membrane with
ethanol-ether and analyses of the various fractions indicated that organic iron and cytochrome c were confined to the particles. Several
investigators have demonstrated the presence of
oxidation-reduction systems in particulate fractions derived from bacterial cytoplasmic membranes (Cota-Robles, Marr, and Nilson, 1958;
Weibull, Beckman, and Bergstr6m, 1959). Other
investigators have observed localized oxidative
events in cytoplasmic granules (Bielig, Kausche,
and Haardick, 1949; Mudd, 1954). Although a
controversy has existed for some time concerning
the sites of oxidative reactions in the bacterial
cell, there are some common characteristics, displayed by isolated multi-enzyme organelles,
which may serve to integrate the views concerning the loci of electron transport. The data, presented in this study, describe some physiological
properties of an electron-transport particle (ETP)
and include three related areas of investigation:
(i) respiration of the ETP, (ii) the cytochromes
involved, and (iii) the role of quinonelike inter-
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X g for 30 min. The red supernatant liquid was
decanted and centrifuged at 56,000 X g for 15
min. A brilliant red pellet sedimented and was
then suspended in 20 ml of 0.1 M P04 buffer containing 0.06 M sucrose and 5 X 10-4 MgCl2. The
suspension was cenltrifuged at 7,000 X g for 60
min and the supernatant liquid, containing the
ETP, was removed as carefully as possible.
Enzyme activity. Oxygen consumption was
measured in a Warburg respirometer at 45 C
with air as the gas phase. Reduction of triphenyltetrazolium chloride (TPTC) was effected by
incubation of the ETP in the presence of a prescribed amount of the salt. The assay mixture
contained P04 buffer, 100 Amoles; substrate, 150
,umoles; TPTC, 150 ,umoles; and NaCN, 150
,umoles. The reaction was terminated by precipitation of protein with 0.5% CCl3COOH and
sudden immersion in an ice bath. Formazan was
then extracted in 1 volume of ethyl acetate,
diluted, and the optical density at 508 mj. was
determined.
Cytochromes. The cytochromes were identified
by difference spectra (Chance, 1957). A Cary
Direct Recording spectrophotometer, Mode 11MS, and a Beckman DB-SRL Recording Double
Beam instrument were used for this purpose.
Isolation and identification of coenzyme Q.
The isolation of this cofactor was achieved by
the method of Page et al. (1960).
Protein. Protein was determined by the
methods of Miller and Miller (1948) and Lowry
et al. (1951).
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FIG. 1. Rate of malate and succinate utilization by the ETP. Warburg vessels contained the following:
succinate (100 ,Imoles), 0.5 ml; P04 buffer (50 jumoles, pH 7.5), 1.0 ml; ETP suspension (20 mg/ml of N),
1.3 ml; and 0.2 ml of KOH in center wall (temperature, 45 C).
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steel sparge heads through which sterile air was
forced for vigorous agitation. The culture medium
consisted of 2% Trypticase, 0.015% FeCl3, and
0.020% MgSO4. At 4 hr after cultivation was
begun, the entire contents of the fermentor were
made 0.10% (w/v) with respect to glucose. This
concentration was maintained by adding glucose
every 2 hr. Antifoam (Dow Corning formula A)
was used to reduce foaming. A 12-hr broth culture (3 liters) served as inoculum. Growth temperature was maintained at 65 C. The medium was
kept at pH 7.0 with CaCO3 if and when it attained
a pH of 6.5 or lower. Cells were harvested with a
Sharples centrifuge, washed once with buffered
isotonic saline, and frozen until used.
Preparation of red fraction. This fraction was
prepared as described earlier (Georgi et al., 1955).
Preparation and isolation of the ETP. Two volumes of 0.20 M P04 buffer were added to fresh
(thrice washed) red fraction, and the mixture was
stirred in an ice bath for 5 min. Cold acetone or
ethanol-ether (3:1) was added slowly to 50%
saturation. The material was stirred for 30 min
in an ice bath and left at 0 C for 6 hr. Observation under the phase-contrast microscope revealed
few, if any, of the membranes typical of the red
fraction. The lysed cell suspension was centrifuged at 27,000 X g for 60 min to obtain a solid
pellet. This was air-dried to remove residual organic solvent. The material was suspended in 5
volumes of 0.1 M P04 buffer containing 0.8%
sodium deoxycholate and centrifuged at 3,000
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RESULTS

several enzyme preparations in the hope that
further degradation in size would occur without
a loss in activity. Lipase and deoxyribonuclease
apparently reduced the size of the ETP without
curtailment of enzymatic activity. Ficin and
trypsin degraded the ETP with complete loss
of activity. Since much higher centrifugal fields
(80,000 X g for 60 min) were necessary for
sedimentation of the particulate material, after
treatment with these enzymes, it was assumed
that a reduction in size and density had occurred.
Observation under the electron microscope
indicated the particles were small (less than 700
A), dense, and irregular in shape, but none-theless discrete. The particles were stable in hypotonic buffer and maintained considerable activity

TABLE 1. Effect of lipid solvents on the electron transport chain
Parent fraction

Solvent

Acltivity

Qo,

Qo2 +
vitamin Ki

Red fraction
Red fraction
Red fraction
Sonic-treated
Sonic-treated
Sonic-treated
Sonic-treated
*

fraction
fraction
fraction
fraction

14/hr

None
Ethanol-ether
Acetone
None
Ethanol-ether
Acetone
Acetone

I,u/hr

%

52.4
5.3
6.8
41.0
1.9
5.0
5.2

0
90.0
87.0
0
94.4
88.0
87.2

49.7
50.3
36.1
29.4
38.0*

stactvity
restored
S

ronzm
eQativity
%
jI/hr

43.0
48.7

0
85.0
83.0
0
83.5
80.5
92.6

36.3
31.1
39.7*

0
83.0
78.0
0
88.0
72.5
96.7*
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FIG. 2. Rate of stimulation of succinate-oxidase activity in the ETP by addition of vitamin K,. Each
reaction vessel contained 1.2 ml of P04 buffer (0.2 M), 0.5 ml of ETP preparation (20 mg/ml N), vitamin K,
(6.0 X 106 M), and 0.5 ml of succinate (100 ,umoles). The activity of the ETP with no vitamin K, added is represented in the lower curve (temperature, 45 C).
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General nature of the ETP. A suspension of
ETP was examined for its ability to reduce
artificial hydrogen acceptors, namely, methylene
blue and TPTC. Isolated particles were capable
of oxidizing malate, succinate, alpha-ketoglutarate, DPNH, hydroquinone, and p-phenylenediamine. Isocitrate, pyruvate, and beta-hydroxybutyrate were not oxidized. Manometric analysis
of a washed suspension of ETP indicated a
moderate oxidation rate of succinate and malate
(Fig. 1). Succinate utilization was not enhanced
by the addition of flavin adenine nucleotide, but
malate oxidation was stimulated sharply upon
the addition of diphosphopyridine nucleotide.
The particles were subjected to the action of
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after long-term dialysis. Aggregation of the
particles on grids, prepared for electron microscopy, presented difficulty in determining the size
accurately.
Dependence of the ETP on coenzyme Q and
related quinones. In the foregoing section, the
ETP particle was prepared by treatment of the
red fraction with the addition of ethanol-ether or
acetone up to a concentration of 50%. Under
these conditions, the particle preparation exhibited considerable enzymatic activity. As the
concentration of solvent was increased, the
enzymatic activity decreased and eventually was
lost entirely by the particle. For example, the
ETP fraction, obtained by an overnight extrac-

Succinate-oxidase

CoQ

added
M X 10-6

0
3
6
9
12
16
20

Acetone

Ethanol-ether

pmoles formazan*

1.08
4.97
6.95
7.23
12.43

11.80
11.71

Succinate-oxidase

Vitamin
K1 added
M X 10-6

1.39
5.00
7.07
8.31

10.60
13.65

0
3
6
9
12
16
20

Acetonie Ethanolether,umoles formazan

2.18
7.03
7.45
8.87
12.19
12.50

1.15
4.91
6.68
7.62
9.42
11.98

12.08

13.16

* At 10 min per mg N.

tion at 6 C with a solution containing 60 to 100%
ethanol-ether (v/v), possessed less respiratory
activity toward succinate than did a similar
preparation obtained from extraction at 4 to 6 hr.
If the concentrations of acetone or ethanolether were increased to 0.8 saturation, 90% of the
activity of the ETP toward succinate was lost
as compared to a preparation of red fraction. The
difference is shown in Table 1. The extraction
process, with high solvent concentration; evidently either destroyed the enzyme or removed
some important accessory factor.
A restoration of succinate-oxidase activity was
promoted by the additions of vitamin K1 (Fig. 2)
and by coenzyme Q (Table 1).
The effect of these quinones was enhanced by
a detergent to create a suitable dispersion. For
the dispersion, 1 mg of coenzyme Q, or vitamin
K1, was added to 0.2 ml of absolute ethanol. It
was mixed with 1.8 ml of 0.25 M sucrose, 0.04
ml of Triton-X-100, and 0.5 ml of 1.0 M P04
buffer (pH 7.0). Samples of the emulsion were
added to the main compartment of the Warburg
flasks along with other constituents of the assay
mixture. Additions were the same for the colorimetric (formazan) assay. The effects of coenzyme
Q and vitamin K1 additions are shown in Table 2.
Finally, the restoration of the original activity
was most complete when the lipid extract
(ethanol-ether residue) was added to the ETP
preparation (Table 1).
The results warranted the conclusion that
- ox.
RED.
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FIG. 3. Ultraviolet spectrum of the coenzyme Qlo isolated from Bacillus stearothernmophilus. The Q,o
standard characteristically exhibited a peak at 275 m,u when oxidized and a peak at 290 m,u when reduced.
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TABLE 2. Stimulatory effect of vitamin K1 and
coenzyme Q on succinate-oxidase respiration
in the ETP
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FIG. 4. Rate of stimulation of succinate-oxidase activity by the naturally occurring benzoquinone (coenzyme Q). Each reaction vessel contained 100 ,moles of succinate, 60 O,moles of P04 buffer (pH 7.6), ETP
preparation (20 mg/ml N), cytochrome at c 312 X 105 M and coenzyme Q (benzoquinone from the thermophile) 1.2 mg (temperature, 46 C). = activity of ETP plus coenzyme Qio; A = activity of extracted
ETP alone.
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FIG. 5. Difference spectrum of a suspension of ETP in 0.5% sodium deoxycholate. The preparation was
diluted five times for measurement in the Soret region. The heme pigments were reduced by addition of a
small amount of Na2S204.

coenzyme Q, or one of its analogues, was being
removed in the treatment of the red fraction by
organic solvents. This conclusion was supported
by the isolation and identification of coenzyme
Qlo from the n-hexane extract of whole cells.
The coenzyme was isolated as a yellow oil which
dissolved readily in absolute ethanol and nhexane. A solution of 1 :100 dilution of the oil in
ethanol exhibited the characteristic spectrum at
275 m,u in the oxidized form (Fig. 3). When

separated by paper chromatography, the isolated
quinone gave a positive Craven's test and
exhibited RF values similar to the known coenzyme Qlo; the RF of the latter was 0.50, and
that of Qlo from B. stearothermophilus was 0.51.
Figure 4 shows the stimulation of the succinate-oxidase activity of the isolated ETP by the
benzoquinone isolated from B. stearothermophilus.
Cytochromes of the ETP. Earlier studies (Georgi
et al., 1955) had shown the presence of cyto-
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0 Washed red fraction
Ultrasonic disintegration (5 min)

3,000 X g for 30 min
Made 1.2% with
sodium deoxycholate. Add
0.02 ml of TritonX-100 per 20 ml
of volume

F[ 3,000 X g for 60 min
Add 0.25% sat. am- C
monium sulfate;
Let stand 2 hr, 6 C

Precipitate

8,000 X g for 20 min
Ad deoxycholate
2 mg/mg protein;
hold 4 hr at 6 C
Dialyze against 0.03 M
tris-succinate for 24
hr with frequent
changes of buffer
25,000 X g for 60 min
Red supernatant
To column
FIG. 6. Flow diagram of the procedure for preliminary purification of cytochrome c650. Volumes added
to the resin were usually 10 to 15 ml of the final
supernatant.

chromes in the red fraction and the particle
obtained from it. These results have been confirmed and extended by use of difference spectra.
Suspensions of the ETP showed the characteristic peaks of cytochromes a3, b, and c. Figure
5 shows absorption peaks at 605, 560, and 550
m,u (alpha bands of cytochromes a3, b, and c);
a broad peak at 520 mA (combined beta bands
for cytochromes b and c); and peaks at 447, 430,
and 415 m,u (Soret bands for cytochromes a3,
b, and c).
Cytochrome c was isolated from the red fraction by chromatography on Amberlite XE-64.
The ammonium form of the ion-exchange resin
was used for the initial purification. For the
second step, the sodium form was employed.

WAVELENGTH (my]
FIG. 7. Difference spectrum of purified cytochrome
c550. The enzyme was adsorbed on Amberlite XE-64
resin (sodium form) and the eluate recycled twice.
Protein = 0.065 mg/ml. Diluted five times for the

Soret region.

The material for the column was prepared by
the procedure shown in Fig. 6. The cytochrome
preparation was added very slowly to the resin
column and buffered to pH 6.0 with a capillary
pipette. The enzyme solution formed a red band
near the top of the resin bed, from which cytochrome c was eluted with 0.5 M P04 buffer. The
20 to 25 ml of eluate containing the cytochromes
were dialyzed for 16 hr at 6 C against 50 volumes
of distilled water. A small amount of precipitate
usually developed and was removed by centrifugation at 0 C.
The secondary chromatographic step was
conducted on the sodium form of the resin at pH
6.0. The resin was washed free of buffer with
distilled water, and the cytochrome eluate from
the first step (adjusted to pH 6.0) was slowly
admitted to the resin bed. The cytochrome band
was eluted with 0.2 M P04 buffer and recycled.
The spectrum of the final solution is shown in
Fig. 7.
The isolated cytochrome showed all of the
typical absorption bands of the soluble cytochrome from mammalian tissues Sharp peaks
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8,000 X g for 20 min
Dialyze 16 hr
against 0.02 M
tris-succinate
(pH 7.5),6 C
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can be seen at 550, 520, and 415 m,u, representing
the alpha, beta, and gamma peaks, respectively.
The heme protein, as isolated, was soluble in
water and acid-acetone but could not be
crystallized.

The senior author was also a predoctoral
trainee, Training Program in Microbiology 2G
598 Ri, Division of General Medical Sciences,
National Institutes of Health, U.S. Public Health
Service.
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